Abstract: Recurrent gene fusions involving EWSR1 with members of the cAMP response element binding protein (CREB) family (ATF1 and CREB1) have been reported in a diverse group of tumors including angiomatoid fibrous histiocytoma (AFH), soft tissue and gastrointestinal clear cell sarcoma, primary pulmonary myxoid sarcoma, and hyalinizing clear cell carcinoma of salivary gland. We have recently encountered a group of 5 myxoid mesenchymal tumors positive for EWSR1 fusions with one of the CREB family member (ATF1, CREB1, and CREM), with histologic features distinct from any of the previously described pathologic entities. Tumors occurred in children or young adults (12 to 23 y; mean, 18 y), with equal sex distribution. All except 1 were intracranial (intra-axial, 2; meningeal, 2), whereas 1 was perirectal. Histologically, the tumors were well circumscribed, often lobulated, composed of uniform ovoid to round cells, and arranged in cord-like or reticular structures in a myxoid background. All except 1 displayed unique sunburst amianthoid fibers. Immunohistochemically, tumors were positive for epithelial membrane antigen (5/5; 4 focal, 1 diffuse) and desmin (3/5). A novel EWSR1-CREM fusion was identified by RNA sequencing in the perirectal tumor, which was further confirmed by fluorescence in situ hybridization (FISH) and reverse transcription-polymerase chain reaction (RT-PCR). A second case with similar EWSR1-CREM fusion was identified by RT-PCR and FISH in a meningeal tumor. The remaining cases studied by FISH showed the presence of EWSR1-CREB1 fusion in 2 cases and EWSR1-ATF1 in 1. In conclusion, we report a distinct group of myxoid mesenchymal neoplasms occurring in children or young adults with a predilection for intracranial locations. Although the immunoprofile [epithelial membrane antigen (EMA), desmin] and the fusion type raise the possibility of a myxoid AFH, none of the typical histologic findings of AFH were present, suggesting a novel entity.
A bout one third of all soft tissue tumor entities are characterized by specific recurrent chromosomal translocations, usually encoding aberrant chimeric transcription factors. The prevalence of the fusion transcripts in most sarcomas is such that they define these entities and can be used as highly specific molecular diagnostic markers in the right clinical and pathologic context. However, more recently it has become apparent that some gene fusions are not entirely histotype specific and can be shared among sarcoma types otherwise unrelated clinically or immunophenotypically. One such example is the presence of EWSR1-CREB1 and/or EWSR1-ATF1 fusions in a diverse group of tumors, including angiomatoid fibrous histiocytoma (AFH), soft tissue and gastrointestinal (GI) clear cell sarcoma (CCS), primary pulmonary myxoid sarcoma (PPMS), and hyalinizing clear cell carcinoma of salivary gland. 1 CREB1 and ATF1 both belong to the cyclic AMP (cAMP) response element binding protein (CREB) transcription factor gene family and are functionally related. Although CREB1 and ATF1 are interchangeable gene partners, there is a striking propensity for EWSR1-CREB1 to occur in AFH and GICCS, and for EWSR1-ATF1 in CCS. [2] [3] [4] [5] [6] To date, only EWSR1-ATF1 fusion has been detected in hyalinizing clear cell carcinoma, 7 whereas only EWSR1-CREB1 was reported in PPMS. Apart from the gene fusion overlap, these tumors show different clinical presentations, morphologic features, immunoprofiles, and patient outcomes. The mechanism for the shared fusion genes generating different phenotypes remains unclear, but it may be dependent on the cellular context in which the translocation occurs and/or the additional secondary genetic/epigenetic changes.
In this study, we describe a group of tumors displaying a unique histomorphology and harboring fusions involving EWSR1 with one member of the CREB gene family (CREB1, ATF1, or CREM).
MATERIALS AND METHODS

Index Case
The index case was a 20-year-old female presenting with a 9-cm perirectal mass for which she underwent surgical resection. Microscopically, the tumor had a multilobulated growth with monomorphic ovoid cells arranged in a reticular pattern in a diffusely myxoid stroma. Focal areas with increased cellularity were noted, with interspersed amianthoid collagen fibers. The patient received postoperative external-beam radiation due to the marginal resection, followed by reexcision, with no residual tumor. Subsequently, she developed 3 local recurrences, 2, 4, and 10 years after initial diagnosis, respectively, which were resected. The local recurrences were small in size, with the second being the largest, measuring 1.5 cm in diameter. No metastatic disease developed during the 13-year follow-up. Fresh frozen tissue from the last local recurrence was available for fusion discovery by RNA sequencing, which identified an EWSR1-CREM fusion. As the morphologic appearance and the nonspecific immunoprofile (see below) did not fit with any known pathologic entities, we searched the consultation files of the senior authors (C.R.A. and M.K.R.) for additional cases with similar histology and related EWSR1 gene fusions (involving members of CREB family). The hematoxylin and eosin slides were reviewed, as well as the immunostains, whenever available. The study was approved by the Institutional Review Board.
RNA Sequencing
Total RNA was extracted from frozen tissue of the index case #1 using RNeasy Plus Mini (Qiagen), followed by mRNA isolation with oligo(dT) magnetic beads and fragmentation by incubation at 941C in fragmentation buffer (Illumina) for 2.5 minutes. After gel-size selection (350 to 400 bp) and adapter ligation, the library was enriched by polymerase chain reaction (PCR) for 15 cycles and purified. Paired-end RNA sequencing at read lengths of 50 or 51 bp was performed with the HiSeq 2000 (Illumina). All reads were independently aligned with STAR (version 2.3) 8 against the human reference genome (hg19). The reads were then analyzed by FusionSeq for potential gene fusions. 9 RT-PCR and Long-Range DNA PCR (Figs. 1A, B) . Alternative fusion transcripts were detected by both RNA sequencing and RT-PCR, including EWSR1 exons 14 or 15 fused to either CREM exon 7 or intron 6, indicating alternative splicing events. The fusion involving EWSR1 exon 15 with either CREM transcripts resulted in in-frame products, whereas EWSR1 exon 14 resulted in a frameshift regardless of the CREM variant. Long-range PCR using genomic DNA confirmed the DNA breakpoint located in EWSR1 intron 15 and CREM intron 6 (Fig. 1B) . Gene expression analysis of RNA sequencing data showed overexpression of the CREM distal exons represented in the fusion, compared with the upstream CREM exons (Fig. 1C) . A number of other samples were investigated as control showing a low level of CREM expression, except for an Ewing sarcoma with EWSR1-ERG fusion and a myoepithelial tumor with EWSR1-PBX3 fusion (Fig. 1C) . FISH analysis also confirmed the break-apart of both EWSR1 and CREM genes (Fig. 1D) .
Microscopically, the tumor was well circumscribed with a multilobulated growth pattern ( Fig. 2A) . The tumor lobules were composed of variably myxoid and solid areas of uniform round to ovoid cells, accompanied by scattered coarse amianthoid collagen fibers forming small rosette-type structures (Figs. 2B, C). The tumor cells had indistinct cell borders, palely eosinophilic cytoplasm, and bland ovoid nuclei with small nucleoli (Fig. 2D) . Immunohistochemically, the tumor was focally positive for EMA and CD99, but negative for CK, S100, GFAP, p63, SMA, and desmin.
EWSR1 Fusions With CREB Family Members Define a Unique Myxoid Mesenchymal Neoplasm Occurring With an Intracranial Predilection in Young Patients
Four additional cases were identified based on the shared genetic abnormalities, that is, EWSR1 fusions with CREM, CREB1, or ATF1, and showing a similar morphology of an unclassified myxoid mesenchymal neoplasm (Table 1) . Interestingly, all these 4 cases presented intracranially, with 2 cases each either dural based/meningeal or intraparenchymal in the brain (frontal lobe). In case 5, the patient presented with 1 episode of generalized tonic-clonic seizure 2 months before diagnosis and subsequent occasional episodes of tongue jittering. A left frontal brain tumor was found by magnetic resonance imaging scan. In addition, cafe´-au-lait lesions were noted on the skin. There were no palpable skin tumors or confirmed diagnosis of neurofibromatosis.
Together with the index case, all patients were children or young adults, ranging from 12 to 23 years old (mean, 18) with no obvious sex predilection (F:M ratio, 3:2). A wide spectrum of diagnoses were entertained in the differential for these cases, either based on morphology or the EWSR1 gene rearrangement, including: myoepithelial tumor (n = 4), extraskeletal myxoid chondrosarcoma (EMC) (n = 3), AFH (n = 2), meningioma (n = 2), ossifying fibromyxoid tumor (n = 2), and Ewing sarcoma (n = 1). Histologically, the additional 4 cases showed circumscribed borders with a lobulated or diffuse sheet-like growth pattern (Figs. 3A, E, J). Small aggregates of lymphocytes were seen at the periphery only in 1 meningeal tumor (case 2, Fig. 3A ). Similar to the index case, all 4 additional cases showed a myxoid or fibromyxoid stroma surrounding round to ovoid tumor cells, arranged in cord-like, reticular, or adenoid structures (Table 1 and Figs. 3D, F, L) . Amianthoid collagen fibers were also seen in all except 1 brain lesion (Table 1 and Fig. 3B ). In the more solid areas the cells were arranged in a syncytial growth pattern with indistinct cell borders (case 2, Fig. 3C ), whorl-like structures (case 4, Fig. 3G ), or dense sheets of cells with vacuolated cytoplasm (case 5, Fig. 3K ). In all cases, tumor cells exhibited relatively uniform ovoid to round nuclei, low mitotic activity (0 to 4/10 HPFs), and scant palely eosinophilic cytoplasm. Additional histologic findings included rare nonpsammomatous microcalcifications (case 2), focal microcystic change (cases 1, 3, 4), and focal rhabdoid cell features (case 4). No bloodfilled spaces reminiscent of AFH were seen in any of the cases.
Immunohistochemically, similar to the index case, all cases were positive for EMA, with the staining pattern ranging from diffuse to focal/weak (Fig. 3H) . Desmin stain was positive in 3 cases, either diffusely (2 cases) or focally (1 case) (Fig. 3I) . Other markers, including S100, GFAP, and SMA, were negative in cases 2, 3, and 5.
The additional 4 cases harbored similar gene fusions involving EWSR1 with CREM/CREB1/ATF1 as demonstrated by break-apart FISH assays (Table 1 , Supplementary Fig. 1 , Supplemental Digital Content 3, http:// links.lww.com/PAS/A458). A second case with EWSR1-CREM fusion was identified in a 15-year-old girl with a meningeal tumor (case 2). This result was also confirmed by RT-PCR (data not shown). An EWSR1-CREB1 fusion was found in a meningeal tumor of a 23-year-old female and in a frontal lobe lesion of a 20-year-old male. EWSR1-ATF1 was identified also in a frontal lobe tumor of a 12-year-old male, showing a predominantly solid growth and vacuolated cytoplasm, and lacking amianthoid fibers.
Follow-up information was available in case 2, who remained free of disease by clinical and magnetic resonance imaging evaluations at 17 months after diagnosis.
DISCUSSION
Most gene fusions in soft tissue tumors are strongly associated with a particular histotype and thus can be used as reliable molecular diagnostic markers and, in some cases, the resulting chimeric proteins constitute excellent therapeutic targets. However, some of the fusions are not histotype specific and are shared among two or more completely different pathologic entities, either within the same lineage or spanning multiple lines of differentiation. Two such remarkable examples are the EWSR1-ATF1 and/or EWSR1-CREB1 fusions identified in tumor types otherwise unrelated clinically or immunophenotypically. However, in certain cases the histologic overlap and the nonspecific immunoprofile raise the possibility of a single pathologic entity characterized by morphologic diversity and shared genetics, rather than distinct tumor types with overlapping gene fusions. One such example is the PPMS, an entity that is mainly defined based on its pulmonary location and predominantly reticular architecture. 10 Despite desmin negativity and lack of lymphoplasmacytic cuff, PPMS show some histologic overlap and similar genetic features with AFH, raising the possibility of a pulmonary myxoid variant of AFH. 11, 12 A somewhat similar scenario is the GICCS, a term initially proposed by us in keeping with a variant of soft tissue CCS lacking melanocytic differentiation, 3 but refuted by others, who suggested instead a novel entity designated as malignant GI neuroectodermal tumor, possibly originating from a GI neuroectodermal precursor cell that has lost or does not have the potential to differentiate along the melanocytic lineage. 13 Some of these controversies stem from the uncertainty on how translocation events drive phenotypic variations, and larger datasets are needed to clarify their status as independent pathologic entities.
Emphasizing the importance of the cell type in which the mutation occurs, Straessler et al 14 demonstrated that conditional expression of EWSR1-ATF1 in a mouse model resulted in slightly different tumor phenotypes depending on the cell type, and its differentiation stage, in which the fusion was expressed.
CREB1, ATF1, and CREM (cAMP response element modulatory protein) constitute a subfamily of the basic leucine zipper (bZIP) superfamily of transcription factors. The 3 members have a high degree of homology in the C-terminal bZIP domain, which is retained in the fusion protein and responsible for DNA binding and dimerization ( Supplementary Fig. 2 , Supplemental Digital Content 4, http://links.lww.com/PAS/A459). 15 The bZIP domain binds to its target cAMP response element, which has been identified in the regulatory regions of over a hundred putative target genes, 16, 17 reflecting the functional diversity of the CREB family of transcription factors, including neuronal development, synaptic plasticity, glucose homeostasis, spermatogenesis, and cytokine regulation. [15] [16] [17] [18] [19] Tissue-specific consequences of CREB activation suggest that cell type is at least one of the factors involved. 17 Further understanding of the regulation of CREB gene family functions may provide insight as to how similar translocation events transform different cell types.
In this study, we report a group of 5 myxoid mesenchymal neoplasms characterized by similar morphology, immunoprofile, and a remarkable predilection for the intracranial compartment in young patients. Their genetic hallmark was the presence of EWSR1 fusions with members of the CREB gene family, including CREM, CREB1, and ATF1. The distinct histologic features as well as the predilection for meninges and brain suggest a novel pathologic entity. However, similar to the other pathologic entities harboring EWSR1-CREB gene family fusions, the present cohort of tumors showed some overlapping histologic features with AFH, PMMS, and soft tissue myoepithelial tumors. The tumors had a rather nonspecific immunoprofile, but the coexpression for EMA and desmin, although in some cases only focal and weak, raised the possibility of a relationship to AFH. Indeed a myxoid variant of AFH has been previously described, typically involving soft tissues of the extremities (none being reported in the brain), containing at least focal components of classic AFH (with fibrous pseudocapsules, peripheral lymphoid cuffing, and blood-filled cystic spaces) and carrying either EWSR1-CREB1 or EWSR1-ATF1 fusions. [20] [21] [22] [23] [24] In contrast, none of our cases showed the angiectatic or cystic hemorrhagic spaces, and lymphoid cuffing was only observed very focally in 1 meningeal tumor. In addition, the presence of amianthoid fibers identified in all but one of our cases was not described in myxoid AFH. To exclude the possibility that a subset of AFH harbor EWSR1-CREM fusions, we have investigated the fusion partner of 24 EWSR1-positive AFH cases from our files, but none showed CREM gene rearrangements (20 being positive for CREB1 and 4 for ATF1 by FISH).
Our findings do not refute the existence of intracranial AFH, as 2 well-documented examples have been reported in the literature showing EWSR1-ATF1 fusion in the occipital lobe of a 25-year-old man and an EWSR1 rearrangement in the temporal lobe of a 35-year-old man. 25, 26 We have also identified an additional brain AFH from our files, with classic morphologic features and EWSR1-ATF1 fusion occurring in the temporal lobe of a 59-year-old man.
PPMS is another tumor with EWSR1-CREB1 fusion that may show histologic overlap, being predominantly myxoid with polygonal, spindle, or stellate cells arranged in a reticular pattern. 10 PPMS usually arises in the lung of adult patients (mean, 45), often with an endobronchial growth. The tumor lacks desmin immunoreactivity and no amianthoid fibers have been reported to date. 10, 27, 28 In keeping with the reported literature, a FISH analysis of 2 PPMS from our files showed the presence of EWSR1-CREB1 fusion.
Extraskeletal myxoid chondrosarcoma (EMC) and soft tissue myoepithelial tumors are also frequently considered in the differential diagnosis of myxoid neoplasms with EWSR1 gene rearrangements. The most common presentation of EMC is in the deep soft tissue of extremities or limb girdles of middle-aged adults. 29 Although EMCs are composed of monomorphic epithelioid to oval cells arranged in a reticular pattern, they usually show stromal hemorrhage and not amianthoid fibers. Furthermore, EMC lack desmin reactivity and the overwhelming majority harbor NR4A3 gene fusions with or without the EWSR1 partner. 30 Similarly, myoepithelial tumors may show histologic overlap, but they consistently display the myoepithelial immunoprofile with EMA and/ or cytokeratin and S100 protein expression. 31, 32 None of our cases were positive for S100, GFAP, SMA, or p63 immunostains. EWSR1 fusions have been identified in half of soft tissue myoepithelial tumors with various fusion partners, including POU5F1, PBX1, PBX3, ZNF444, and KLF17. 31, 33, 34 Only 1 myoepithelial tumor from a pelvic tumor of a 57-year-old man was reported with an EWSR1-ATF1 fusion, but the tumor had a typical myoepithelial immunophenotype. 35 In 1988, Kepes et al 36 reported a series of 7 meningeal tumors in young patients (8 to 19 y old) with "chordoid" features, peritumoral lymphoplasmacytic infiltrates, and systemic manifestations (most commonly, anemia). In addition to microcystic anemia, 1 patient also developed other manifestations of Castleman syndrome, including hepatosplenomegaly, dysgammaglobulinemia, and retarded growth. In all patients, the anemia and/or other symptoms improved after resection of the meningeal tumors and resumed upon local recurrences in 2 patients. Histologically, the tumors showed areas resembling meningothelial meningioma with characteristic whorling pattern, but also nests and cords of cells with cytoplasmic vacuoles, reminiscent of physaliferous cells of chordoma. The surrounding lymphoplasmacytic infiltrate often formed lymphoid follicles or germinal centers. Although the age range at presentation was similar, none of our cases showed areas of typical meningioma, well-formed lymphoid follicles, physaliferous cells, or chordoid features. Furthermore, 1 prototypical example of chordoid meningioma tested was negative for EWSR1 and FUS gene rearrangements by FISH.
An EWSR1-CREM fusion was previously reported by RNA sequencing in 2 melanoma cell lines (CHL-1, COLO 699), which, based on the SNP data, most likely derived from the same patient. 37, 38 Considering the histologic and immunohistochemical overlap between melanoma and CCS, it is possible that these cell lines may have originated from a CCS. The reported breakpoints included EWSR1 exon 6-CREM exon 7 in CHL-1 and EWSR1 exon 7-CREM exon 7 in COLO 699. The exon 7 CREM break was similar to our index case 1, but the EWSR1 breakpoints were different (EWSR1 exon 15-CREM exon 7). RNAi targeting of the CREM 3 0 end of the fusion transcript in the CHL-1 cell line resulted in decreased cell proliferation and invasion, with increased numbers of senescent cells. 37 More recently, a FUS exon 8-CREM exon 7 fusion was reported (in an abstract form) in a CCS from the thigh of a 55-year-old man by anchored multiplex PCR and confirmed by FISH for FUS and RT-PCR. 39 This limited data suggest that CREM may substitute for CREB1 and ATF1 as an alternative fusion partner to EWSR1 in CCS. Interestingly, in index case 1 the EWSR1-CREM fusion resulted in mRNA overexpression of CREM downstream exons, right after the exon 7 breakpoint (Fig. 1C) . However, a slightly increased level of CREM expression downstream of exon 6 was noted in 2 unrelated EWSR1 fusionpositive neoplasms lacking CREM gene abnormalities, most likely due to a preferential expression of ICER (inducible cAMP early repressor), an isoform of CREM that contains only these downstream exons, including exon 6 (Fig. 1C) . In our previous studies using Affymetrix microarray analysis there was no upregulation of CREB1 and ATF1 expressions in either AFH with EWSR1-CREB1 fusion or CCS with EWSR1-ATF1 fusion. 2 Additional studies are needed to investigate whether this 3 0 CREM upregulation is restricted to CREM-related fusions or occurs only in this group of tumors. Furthermore, no significant fusion transcript variability was noted among the different pathologic entities with EWSR1-ATF1/CREB1 fusions, with consistent breakpoints occurring in a given gene regardless of the tumor phenotypes, except possibly for HCCC, where the breakpoints occurred in EWSR1 exon 11 and ATF1 exon 3, which are different from other tumor types ( Supplementary Fig. 2 , Supplemental Digital Content 2, http://links.lww.com/PAS/A457). [2] [3] [4] [5] 7, 10, 35, [40] [41] [42] Long-term follow-up was available in the index case 1, the patient following a protracted clinical course with late and small-sized local recurrences. No metastatic event is seen in this patient after a 13-year follow-up. Of the intracranial cases, only case 2 had available follow-up information, which was uneventful for a 17-month period after surgery.
In conclusion, we report a group of myxoid mesenchymal neoplasms with distinct morphologic features and clinical presentation in children and young adults, preferentially involving intracranial locations. Collectively, they show a unique spectrum of histologic features and are genetically characterized by recurrent fusions between EWSR1 and CREB gene family of transcription factors. Additional studies are needed to establish whether these represent a novel and unique pathologic entity.
